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A bstra ct
Fieldm ca sur e rn erltS Ofsoilw ater c orlte nt,te mper atur e, aridr elativehumidity w ere made
at several depths within alysirnet¢r wherethe dry s u申celayer(I)SL)for med･ The
obs erved w ater c ontent w as alm o stc o n sta ntin theDSL, whileitin c r e a sedtow ardde epe r
depth belo w theDSL. In addition,the peakofvaporde nsity w a s ob岳e rved atthebotto7n
boundary of the DSL. Simila rfe atur es t othos e obse r v ed w a s sho w nbyrLtlm erical
c ompt)tations t]slng a One
-dim e n sio n al m odel of w ater a nd he a twith highve rtical-
rc s olution. Fu rthe r m o r e
,
the r e s ultofn um ericalc o mputations als ode monstra tedthat the
evapo r atingz one w aslo c atedat thebotto mbotl ndaryoftheDSL,and thatthethickn e ss of
the evapo r atlng ヱOne W as e xtre m elys m all, exc eptforhighlyrete ntive s oils. n e s e re s ults
ofboth thefieldobs e r v atio n a ndn u m eric alexperim e ntsindicate thatinfo rmation ofthe
thickn e s ofthe DSL is r eqtlir edr athertha nthat of w ate r c onte nt of s u rfa c e s oil, to
evaluate e v apor ationfro mbar e s oils urfa c e s.
1. Intr odu (:一io n
Soilm oisture c onditions of land a r e a c arl have m ajo r efe ct o nglobal clim ate thr o ugh
ev apo tr arlSPlration. Ma nyoftheprevio u s studie shave e mpiricalypar a m eterizedthe a vailabilityof
s urfac e m ois turefor evapor atio TLfr o mbare s oil,byu sing w ater c o nte ntofs urfa c e s oillaye r. On the
othe rhand
,
itis w ell kno wn that s o- c alled
l
dry s urfa c elayer
'
(D S L)form sdu ring soil drying.
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Ac c ordingto s everalprevio u s w orks･ eva･porado n ofs oilw ate r o c cur s mainlyatthebotto mbo undary
of theDSL in stead ofat the s oils urfa c e. In such c a s e, thedir e c tde te rminingfa cto rof the su rfa c e･
m oistur e availabilityis c o n sider ed tobe the thickne s･s ofthe DS Lr ather tha nthe s urfa c e w ate r
c ontent. In order to clarify the form atio n m e cha nis m ofthe DSL a ndthe eiffe ct ofthe DSL o n
evaporationfro m bare s oilstlrfac e s,fieldobs er vatio n aJldnum eric alexperim e nts w ere c arriedotlt.
2. Fje]d obs e r v atio n
A fieldobs eⅣ ation wa s c o ndu cte･dbytlSir)g alyslm eterin whichunifon Tlfine s a nd w a spacked
andgro u ndw aterle v elw a s maintain edat adepth of0.8 m , u nderthe &a m ew ork ofthe TSU K U BA
92 fieldc a mpaign(Sugita eta[., 19 93)heldin Tsukuba,Japan,in the s um mer of1992. Soilw ater
c onte nt, s oilte mper atu r e, a ndr ela(iv ehu midityin soilpore s w er m e a s uredats everal depthsbelo w
the s oilsurfac eby m e ans ofhe atprobetype s oilm oistu re sens or s, pladn u m r e sistanc ethe m om eters,
andc apa citaJICehu midityse nso rs,re spe c丘vely. The s oilm oistu re c onditons w er efairlydrydueto
lo wpre c IPltatio nduringthefieldc a mpalgn, a ndthe DSLwhich hadafe wto 10c m thickne s sw as
obs erved, The obse r v eds oilw ate r c o nte ntsho w edcle ardiffe re n c ebtw e en in andbelo wthe DSL
(Fig･ 1), thatis,it w a salm o stc o n sta ntinthe D S L, whileitin c r e a s edto w ard de eperdepth below the
D S L･ T he relative humidity ofpore air wa s alm o st u nitybelo w the DSL. On the othe rha nd, the
r ela tivehumidityinthe DSLw a sle s stha n tl nty, a ndsho w sthetende n cyt odec r e a s eto w ard the s oil
surfa c e･ As are st)1tofthishumidity gradie nta nd oppo sitetemperaturegradie nt, thepe ak of the v apo r
density w a sfound outarotl ndthebo to m bo undary of theD S L. T he se observedre s ultsindic atethat
thediv erge n c ezo n e ofvapo r銃IX, n am ely
.
e v apora血g zone
-
,
w aslo c ated atthebo tom bo u nda ryof
tbeDSL.
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p
nlethickn ess of(he DSL w asdetermin edbythedifferenc ein colo r
ofsoiユpro{1e.
3. Nu m e ric al e xpe rim e nts
ln orderto clarifythe mic r o s copic Stru ctur eOfevapo rahrLg ZO n e, n u m eric alexperim e nts wa s
c o ndu cted u sing a o n e-dim ensionalm odelof w ater a nd he atflo w withhighverdcal-r e s olutio n. The
m odelu s ed w a sfunda m ental1yba s edon the m odified P hilipa ndde V He sthe o ry(P hilipa ndde Vrie s,
1957;M iny,1982). In the m odel, the w aternu 克 c o n sisted of liquidand vapor wa ternu xdriv enby
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rnatric -he adgradie nt andtemper atur egr adie n t･ T heliquidw aterflu xdrive nbythe ternperatTlre
gradient, how ev e r,･w a s n otc onsider ed inthepre s e nt s tudy, sinc eitisle s simportantindrys oils･ The
he a tflu x c o n sisted ofc o nducdo n a ndlate nthe at b
.
ansferdu e t ova:Fo r m ovem ent.
Atthe upperbou nda ry, evapor a丘onin to the abn o spher e(良)w a sgive n asthe sihk of w ater, a nd
RA -H -LEs w asgi ve n a Sthe s o urc e of he a t, where RA is the net r adia丘o n, H the s e n岳iblehe atflu xiTlt O
the at m o sphere, and Ithelate nthe atfo rvaporizadon . T he 品 c a nbe expr essedas ■
Es = pd CE LL(h･ q･ d･(T8)- qa) (1)
wher ep4is thede n sity ofair, CE thebt)lktra n sferc o efficie nt, uthe windspe ed, qs D'(T.)the s att mted
spe cifichu midityatthe s oils n血 c e,h･ the relativ ehu midity atthe s oilst)rfa c e, a ndqq th¢spe cific
hu midityofatm o spher e･ T iehs c anbegive nbyfollowingequ ado n, as
h･ = e呼(Vr8 g/R T8) (2)
whe r evr･ and T' are the m atric he ad andte mpe r atu r e at the s oils u rfa c e, gis thegr avitatio n al
a c c el rado n, and R the ga s c o n st a ntof w ate r v apo r. Ditm alv ariatio n ofa血 O SPheric c o nditio n sw a s
notc onsider ed, aridc o n sta ntvalu e s ofatm o spheric c o nditio n sw er egive ninthepre s entstudy. T he
low erbo undary c onditio n s w er c onsta nt te mper atu r e a ndn o w aternt)x atadepth of0.6 m . This
m odelc o n sitedof 144 layer s, a nd hadv eryfin e r es olutio n(min. ,0.5 m m)n e a rthe s ons urfa c e.
Table1 Soilhydr atluCPara m etersfo rthe three e xampleiS oils
Soilm m e e
d e, L X ” K d
(m3/m3) (m3/♂) (m
ll) (-) (n/s)
Toyot)raSand 0.412 0.0239 3.14 7.0 1.25×10
-5
siltLo am G.E .3† 0.396 0.13 1 0.423 2.06 5.73×1O･7
Bei(NetofaClayl o･446 0.0 0.152 1.17 9.49×10
-9
Idata 血) m v aJIGe n u chten(1980)
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Fig.2 Soilm oistt m char acteristic ctlrVeSfor
thethree soils u sed inthe n u m ericale xperiments.
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Hydraulicpropertie s ofs oils w eregive nbyv an Genu chten(1980)
-
s m odel･ Thepar a m e te rsfor
thr e e exa mple s oils u s edin thepr e s e n t study
l
ar elisted in Table1, ands oilm oisture chara cteristic
c urv e sfor tho s e s oils a r e show ninFigu r e2.
As an exa mple, c o mputatio nalr esultsfo r s a nd are sh()w nin Figur e3. Ve ry go odsimilarities
w er erecogniz ed betw ee nobserveda nd c o mputedprofile s of w ate r c oJlteJlt, relativehu midity, a nd
vapordensity, respec tiv ely. The se similaritie sde monstr ate the validity ofthe model used. Fr om
c o mpads o nbe tw e e n the obs erved a nd c o mputedr e s ults, thepo sitio n ofainfle ctionpointin water
co nterltPr ofile w as c onsidere･d tobe corre spo ndedto that ofthe botto m bo u ndary ofthe DSL. Itis
re markable that the evaporati ng ∑one W a slo cated attheinfle c tion pol ntin w ate r c ontentprofile and
tha tthe evapor ati ng ∑o n e W as extr m elythin.
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Thefe atur e slikethe above w ere als ofo und o utin the c o mputedre sultforlo aJ n. On the othe r
ha nd,for clay, tw o m ajo rpoints ofdiffere n c e c a nbefo und o ut(se eFig. 4). T hefirstisthat the
dec r e a s eOf liquid w ater凸u xtow ards oilsu rfac e a r o undthebottom boundary of the D S Lw a s
relativ elyge ntle, arLd thu s, thethickn e ss ofthe e v apo r ating ZO n e W a s relativ elylarge. The s e c o nd is
thatthe vaporflux slightlyin cr e as edtow ard s oils u rfac e a t the upperr egi o n Ofthe D SL, whe r e n o
liquidw atertr a n sport血⊃rnde eper s oil laye r e xisted･ TherlrStPOl ntOf differenc eistho ught tobedue
t othediffer e nc e ofthepropertie s ofthe u nsaturatedhydra ulic c o nductiv lty and v apor c o Tlductivlty
be t w e en clay a nd o(hertype s ofs oil(se eFig･ 5). For s a nd and lo am , the u n s aturatedhydr aulic
c onductivity rapidly de cre a s ed agaln St the de c re as e of m atric he ad, w hileitdidn otfo r clay.
Ther efor e,thege n tle shiftingofw a ternu又 c o mpone ntsfo r clayistho ughttobe o w i ngtO thege ntle
decre as e ofitshydraulic c o nductivityagainst m abichead.
The s e c ond po lnt Of diffe r e n c eis r elatedtothe r e tention prope rties ofs oils. Fr o mthe s oil
m oist)re chara cteristic c u r v e s(Fig. 2), the w ate r c o nte nts ofs a nd a ndlo am dem o n stratetoha v e
alrno stconstantvalues atlow m a打ic-he ad le v el
,
where w atertr a n sportin泣qtlidpha s eisdiffic ulttobe
m ade. On the o the rhand,itis sho w nthatclayc a n retain abunda ntw ater ats a m ele v elofm a出che ad.
ThtlS,itc anbe c o n cludedthatthe s oilw ate r c a ll eVaPO r ate かo mdrylaye r, where n oliquid w ater
s upplyfr o m u nde rlカngs oil,forhighlyrete ndve s oils.
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Fig.6 Co mpariso nbetw ee n e v apor atio n
estim ated bythe simplified m ethod wi【heq.(3)
andthatobtained bythedetailed m odelfor s and
(cir cle), lo am (sqtla re) a nd clay (pln s).
Ev apo ratio n rateiispres entedaslateinthe atflu x,
whereIis thelate ntheatfor v apod2 Rtio n.
Assu mlngthatthe evaporatlJg ∑o n e C a nbe regarded a sa horizontalpla n e, andthatr elative
humidity at the evapo r a ti ng ∑oneis equalto unlty' the evapo r ation
-.主at ec a nbe repr e s ented by
follo wingequ atio n, aS
Es
,
- a
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(3)
where T･isthe te mper a ture athe ev aporating s urfac e, z･ thedepthofevaporatingS u rfa c e, whichis
c orr e spo ndedto the thickJle S S OftheD SL, a nd Dy'the effe cdvedifusiv ltyOfw atervaporintheI)SL.
Figu re6shows c omparison ofthe e v apo r ation e stim atedbythe simplified m ethod withequ atio n(3)
a nd that obtained bythedetailed m odelm emio n edthe above. T he valu e s e stim ated bysimplified
m ethod agre e v ery w elltho se obtain edbythe de tailed m odelfo r s a nd an lo aTn, althoughthe
shphfiedm ethodterlds tobelow er 血aJl thedetailed m odel du etothe corI出butio n ofthe evapo ratio n
o c ctlrr ed with inthe D S L･ T his ndic ate stha t equ ation(3)is effe ctiveto e stim ate the evapo r atio ninto
the atm osphe re, e xc eptforhighlyreten丘ve s oils.
Altho ughitis note a syt odire c tly m easur ethedeptha ndtem perahrreofthe e v apo r atlng lo n e,the
m ethod to e stim ate the abo v e t w opa r a m ete r s&o m the c o n v e ntio al mic r o･ m e te o r ologlCaI
m e as ure m entha sbe enpropo s ed byYa m a n ak (19 5).
4. Co ll C)uding re m a rks
lt w as clarifiedthatthe evapo r a ting zo n e w a sl∝ atedat thebott o mbou ndary of the DSL, and
w as extr e m elythinfo r s a ndandlo a m･ Itw as als o show nthat thepar a m eteri2･adon, w hichrega rdsthe
evapor atmg ヱO n e a S aPla n e,is effectivefo rtho s e s oils. T he s e r e s ultsindic ate tha tinfo rm atio nofthe
thickn e s s of the D S L is r equir ed rathe rtha nthat ofw ater co ntent ofs u rfa c e s oil, to e valt)ate
evapo r atio nfr o mbare s oils u rfa c es. How ever, Itsho uldbe n otedthat the above c orlClu sions are
obtained by a s s u m ing SOm e Whatide alc o ndit o n s･ The effe cts ofthe spatialv ariabilityin s oil
pr ope r也e s, the v ariado n ofatm osphedc c o ndito n s, and the otherfactors, on thefor m a tio n oftheDSL
andthe struc tu re ofevapor a tl ng ZO rlene edt obein ve stigatedftEther.
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